In this work we study the translocation process of a polymer through a nanochannel where a time dependent force is acting. Two conceptually different types of driving are used: a deterministic sinusoidal one and a random telegraph noise force. The mean translocation time presents interesting resonant minima as a function of the frequency of the external driving. For the computed sizes, the translocation time scales with the polymer length according to a power law with the same exponent for almost all the frequencies of the two driving forces. The dependence of the translocation time with the polymer rigidity, which accounts for the persistence length of the molecule, shows a different low frequency dependence for the two drivings.
I. INTRODUCTION
The study of polymer translocation through natural and/or artificial nanopores is important for understanding many biological processes and for developing a family of new devices working at the nanoscale [1] [2] [3] . In biology, interest is focused in the study of DNA, RNA, and protein translocation through cell membranes and nuclear pores, DNA injection by phage viruses, cell drug delivery, DNA sequencing, etc., thus resulting a most interesting topic which involves a broad phenomenology. The passage of polymers thorough the nanopores is also important in many chemical and industrial processes. In this context, nanotechnological applications try to emulate the complex biological processes involved in the translocation problem [4] [5] [6] .
In spite of the many recent advances, our understanding of polymer translocation at the nanoscale is still limited and controversial. Recently, some unified visions of the translocation physics have been proposed [7, 8] . Motivated by many experimental results, different models have been introduced to describe and study in a simple way this and related problems [9, 10] . In some models a single barrier potential is introduced, eventually depending on time [11] [12] [13] ; in others, stochastic and ratchetlike forces and potentials are used [14, 15] .
In some cases the transport phenomena involve not only translocation through passive channels, but also molecular motors (or active nanopores), whose complex action is attracting an increasing interest [16, 17] . Thus, various models for translocation through active pores study periodic sinusoidal pore actuation [18] [19] [20] [21] , stochastic random telegraph noise (RTN) [21, 22] , or a dichotomous ATP-based motor noise [23, 24] . These different models, mostly based on modifications of the Rouse chain [25] in the one-dimensional (1D) or 2D domains, have revealed various (sometimes similar) behaviors in the translocation times of the polymer as a function of the nature and the frequency of the time dependent driving, as well as with the dimensionality of the system. In * A.Fiasconaro@qmul.ac.uk addition, recent simulations and experiments suggest that the translocation process significantly depends on the size and flexibility of the chain and on the interactions between the polymers and the pores [26] [27] [28] [29] .
Aimed by all these results, we consider here the case of a linear polymer molecule in the 3D domain driven by two different time dependent forces in the nanopore: a RTN and a sinusoidal force. We especially focus on the study of the mean translocation time τ of the polymer as a function of the frequency of the external driving for different lengths and flexibilities of the chain.
Sinusoidal driving is the simplest approach to a periodic actuation at the pore. Beyond its paradigmatic interest, its study is motivated in a nanotechnological level in a context of manmade active nanopores. The dichotomous driving makes sense both in the nanotechnological and in the biophysical contexts. In the first case the passage of a polymer can be induced through a graphene pore or solid state channeling [30, 31] by applying a dichotomous force between the two sides of the layer. In the second case, the model can describe the translocation of a linear molecule through a cell membrane gate having a chemical potential difference between its two sides. Then the driving is induced by the typical open-close mechanism of the pore, and follows the purely dichotomous switching largely used in the literature [15, 32, 33] . The application of a dichotomous force during the translocation of a DNA through a nanopore can also be relevant for characterizing the nucleotides which cross the pore, thus representing a possible DNA sequencing method [27, 34] .
The 3D polymer considered here is an extension of the system studied in our previous works [18, 22, 23] . It consists of N beads connected by elastic bonds, where we added the bending features typical of a wormlike-chain model. Excluded volume effects and polymer-pore-membrane interactions have been taken into account by means of a Lennard-Jones potential.
We study two observables of the system for the different actuation frequencies: the translocation probability P in and the mean translocation time τ . The results of the computer simulations for different polymer sizes and different persistence lengths will be shown. Important unexpected discrepancies in the frequency behavior between the two drivings are found.
For the sinusoidal force the mean translocation time as a function of the frequency shows some oscillations, similar to those found in the simpler 1D and 2D cases [18, 21] . On the contrary, the RTN actuation shows different qualitative behavior in the translocation time (TT) at low and high chain flexibility at the low frequency regime. A resonant activation (RA) phenomenon [35] [36] [37] , i.e., the presence of a minimum in the TT as a function of the driving frequency, is observed in both drivings. The scaling properties of τ with the polymer size follow a power law trend, with a different exponent from that one found in the 1D case, but the same in that the chain is driven by a constant force. The analysis of the translocation of the polymer for different values of the flexibility parameter shows significant differences in the polymer translocation probability at low frequency with sinusoidal and RTN driving.
We first present the model of the polymer and the equation of motion. Then we show the results of the simulations with the sinusoidal forces (Sec. III A) and RTN driving (Sec. III B). The conclusions end the paper.
II. THE MODEL
We model the linear polymer molecule as a chain formed by N identical monomers moving in 3D. We use a modified Rouse model [25] , which includes polymer elasticity, bending energy, excluded volume effects and interaction with the membrane and the pore. The elastic potential energy is given by
where k e is the elastic parameter, r i is the position of the ith particle, d i = |d i | = |r i+1 − r i | is the distance between the monomers i and i + 1, and l 0 is the equilibrium distance between adjacent monomers. The model takes into account the bending energy of the chain with a term given by
where k b is the bending elastic constant, θ i is the angle between the link d i+1 and the link d i , and θ 0 is the equilibrium angle, θ 0 = 0 in our case.
To consider excluded volume effects between the monomers, a repulsive only Lennard-Jones potential has been taken into account,
for r 2 1/6 σ , and zero otherwise. The dynamics of every monomer of the chain is obtained by the overdamped equation of motion
where and m are the damping parameter and mass of each monomer, respectively. ξ i (t) stands for the Gaussian uncor- The two explicit forces in Eq. (4) account for the driving forces over the particles inside the pore F drv and the chain-membrane and chain-pore spatial constraints F sp . This interaction force is also modeled by using the same repulsive Lennard-Jones potential described in Eq. (3), with the same potential parameters. It takes place uniformly and perpendicularly to all the planes that define both the membrane and the pore channel, the latter modeled as a square prism of base L M and length L H (see Fig. 1 ). F drv only affects the particles inside the pore.
To complete this section, we list the parameters used in the simulations. The rest distance between adjacent monomers is l 0 = 1, and we fix k e = 1600 to be large enough to keep the bonds rigid. The temperature used is k B T = 0.1. The LennardJones parameters are = 0.3 and σ = 0.8.
Following [21] , we can set , m, and l 0 as the energy, mass, and length units, respectively. This choice determines a Lennard-Jones time scale given by t LJ = (ml 2 0 / ) 1/2 . However, as the dynamics we propose is overdamped, the time scale that normalize the equation of motion (4) is t OD = t LJ 2 , thus depending on the damping parameter. This time unit also determines the frequency unit. To set some values, let us consider a DNA molecule at room temperature (k B T = 4.1 pN nm) and the simple case with k b = 0. In our simulation, k B T = /3 is fixed and we set l 0 = 1.25σ = 1.875 nm and m = 936 amu [21] . With these values we have t LJ ≈ 6,7 ps. The force unit is given by / l 0 = 6.47 pN. An estimation for the kinetic damping is ≈ 1.610 13 s −1 ; thus, t OD ≈ 720 ps. Note that this election is arbitrary and depends on the particular system we are trying to simulate (for instance, another value for the length unit is given in a similar model in [38] ).
III. RESULTS
We are interested in characterizing the translocation process of the polymer through the pore. We present below results for the mean value of the TT of the chain for different bending parameters and different polymer lengths. Then a clear definition of the computed mean TT is needed: The simulations start with five monomers at one end of the polymer inside the pore and the others linearly ordered and sited at the equilibrium distance in the cis side. During a thermalization time t t = 1000 a.u. the chain evolves under the action of thermal fluctuations with the position of the five monomers inside the pore kept fixed. After that transient time, the restriction over the first five monomers is removed, and the evolution of the chain under the dynamics given by Eqs. (4) is monitored. In some cases, the polymer moves backwards into the cis region and does not translocate. These cases are not taken into account in the statistics. Whenever the polymer crosses the membrane, the simulation ends when the last monomer of the chain enters in the pore, which defines a translocation event, and the time from the simulation start gives the TT. Later we average over many translocation processes to get τ N . With this definition we reduce possible polymer size effects due to the pull and push of the chain, whereas a few monomers lie inside the motor. Other definitions are reasonable [21, 39] . In a few specific cases in this work, another TT is defined as the time for the center of mass (c.m.) of the chain to reach the trans side. The average of this quantity over the simulations defines τ c.m. . As we also see, no qualitative differences between the two measures appear.
The For every set of parameters, a number of numerical experiments N g has been simulated. From them a number N t = 2000 successful translocations have been reached and the mean TT τ over N t has been computed. From these values, we define the translocation probability P in as the ratio N t /N g . To finish, since we deal with time dependent forces, an averaging over their initial values is also performed: In practice, the initial phase of the forces is considered as a random variable with a uniform distribution of all its possible values.
As we see, depending on the frequency, three regions can be distinguished: The high frequency region, where the fluctuations are much faster than the typical TT; the low frequency region, where the fluctuations are much slower than the typical TT and the large intermediate frequency region where the phenomenology becomes rich and interesting.
A. Sinusoidal driving
The sinusoidal force used to drive the system has the form
with the value F 0 = 0.3 adopted in all the simulations and φ the randomly chosen initial phase. ). The left inset shows the translocation probability P in . Figure 2 shows the mean TT as a function of the driving frequency for a polymer with N = 24 and k b = 0.5. The results are shown for the two definitions of TT given above. The three expected frequency regions are found. For high frequencies the change in the external force is much faster than the time scales involved in the polymer dynamics, and the monomers in the pore experience an apparently constant F drv = 0.3 force. For smaller frequencies we enter into a more complex and dynamically interesting region characterized by a minimum in the TT (or a peak in the polymer velocity; see top inset) and a series of oscillations. In this region the driving period is of the same order of magnitude of the typical TT.
Translocation time
The appearance of a large minimum region in the τ curve, resembles the RA phenomenon, where an optimum range of frequencies for a thermal escape event is found. RA is essentially due to a synchronization of two time scales (driving period and τ in our problem) and can be also observed without a potential barrier to overcome [18] .
Frequencies below the resonant region define the low frequency region, where τ increases and saturates at very small frequency values. For such limit frequencies the pore basically exerts a constant force established by the initial random phase. Thus, a wide distribution of TTs is expected, as well as an important number of negative translocation events: The repulsive interaction of the chain with the membrane walls, together with the dynamical polymer configuration, results in an average force than tends to avoid the polymer translocation. This generates an entropic barrier effect [26] , which opposes the polymer translocation, that we measure indirectly by evaluating the a posteriorioverall translocation probability P in for the polymer to cross into the trans region. As we see more extensively below in the comment of Fig. 11 in the discussion section, at low values of constant forces the translocation probability becomes very small. Then events starting with a large enough initial force (determined by the random phase φ) will be able, on average, to move the polymer through the pore, but not the ones with low (or null) initial force. The bottom inset of Fig. 2 shows that, at low frequencies, 80% of the simulated events translocate for the sinusoidal case. These entropic barrier effects can be evaluated following the theory presented by Rowghanian and Grosberg in Ref. [40] , where a careful analysis of the conformational and orientational entropic contributions for the polymer close to the pore is presented.
The observed behavior of τ is qualitatively similar to that found in a similar model for 1D chains where a minimum and a series of oscillations is reported [18] . These oscillations arise from the synchronization between the period of the force and the very time spent by the polymer in the translocation process. Their presence has been also reported by other works with oscillating driving [19, 21] .
Regarding the 2D case studied in [21] , differences are observed at low frequencies. There, using a freely jointed chain (FJC) model, a decrease of τ for decreasing frequencies is reported. The FJC model corresponds to k b = 0 in our study, a case displayed in Fig. 5 , where the same qualitative behavior for all values of k b is found. This discrepancy is caused by the very different translocation events at low frequencies. Our initial condition (five monomers inside the pore) ensures a high translocation probability. Then slow events are observable at low frequencies. The dimensionality also plays a role by increasing the TTs. In [21] the initial condition is different (one monomer inside the pore), so only a small number of trials translocate, and they do it with small TTs. More precisely, the successful translocation rate is around 80% at low frequency. This implies that most of the initial phases contribute to the translocation, also those with initial small forces, i.e., initial phase close to zero. These low values of the initial force give slow events that contribute by increasing the mean TT. This means that for low frequencies, the simulation is essentially averaging the times over the statistics of translocation mainly given by a range of forces between F r and F 0 , where F r < F 0 is the minimum amount of force which can overcome the entropic retracting force in almost all the trials.
The probability distribution function of the TTs is shown in Fig. 3 for several values of the frequency of the driving, namely, ν = 10 −1 , 10 −1.75 , 10 −2.2 , 10 −2.4 , 10 −2.5 , and 10 −4.5 . The first and the last values correspond, respectively, to the high frequency limit, where an almost Gaussian TT distribution is found, and the low frequency limit, which shows a very asymmetric and wide distribution, with very short and very long TT events. The other ones, corresponding to the intermediate frequency region, reveal the rich resonant phenomenology that is related to the starting phase of the oscillating driving force [21] .
Scaling with N
An interesting issue is the study of the scaling of the TT of the polymer with its size. Figure 4 shows τ (ν) curves for different values of N. As shown in the top inset, all the curves are qualitatively similar and τ increases with the polymer size. In fact, for the range of n values we use, we find that the mean TT scales as with α = 1.6, as in the constant forced case, and L = l 0 (N − 1).
It is interesting to note that the exponent here is smaller than the one found in the 1D case [18] , where α = 2.0. As expected, the dimensionality does affect the scaling properties of the chain. Importantly, we see that the same exponent is found for RTN, the other driving studied in this paper. It can be shown that the TT of a polymer scales as τ ∝ L 1+ν F , with ν F the Flory coefficient. ν F = 0.5 for an ideal polymer, ν F 0.6 if we consider the excluded volume contribution (no bending), and ν F = 1 for a rod (rigid chain) [7, 41, 42] . The value we find here, ν F = 0.6, for a bending of k b = 0.5 lies in one extreme of this interval [43] . Figure 4 also shows the translocation probability P in for different N . We notice that for large polymers P in decreases at low frequencies: In a small percentage of the cases the polymer stays in the cis region and does not translocate. However, at a given frequency, which depends on the length N , this fraction rapidly increases to 1.
The role of the bending parameter
Our model of the polymer is basically a discrete wormlikechain (WLC) model, with extensible bonds. In order to study the translocation behavior of the polymer at different values of the persistence length L p , we have performed simulations for different values of the bending parameter k b from k b = 0 (FJC model) to high k b values (extensible rigid chain). The response of the mean TT of the polymer at different bending parameters is shown in Fig. 5 (top inset) . The increase of the τ with increasing values of the bending parameter is due not only to the different dynamics for the various values of k b , but also to the different polymer configuration after the thermalization time. In fact, being the last five monomers fixed inside the channel during thermalization, at high bending the polymer remains straight, but at low bending the polymer contracts. Thus, the starting position of the c.m. in the two cases is different and, consequently, the crossing time is lower for high bending. The presence of the interactions with the walls goes in an opposite direction, but its effect is evidently smaller compared to this geometric fact. A similar argument is given in Adhikari and Bhattacharya [44] , reporting Kantor and Kardar [45] .
For a better comparison, the main figure shows τ normalized by the high frequency limit values τ HFL . Then all curves collapse to a single one in the intermediate and high frequency regions of the system.
The left inset of Fig. 5 shows P in for the different k b values. We notice that the different bending values give different P in at low frequencies: Stiffer chains (higher k b values) show a translocation probability greater than that one of soft chains (low k b values). In this case, in fact, the interaction with the repulsive wall of the component of the chain is higher due to the wider movement of the chain. Nevertheless, such behavior does not give any qualitative difference in the mean TT curves. 
B. Random telegraph noise driving
We present now our results for a very different type of driving, the RTN, where the force switches between 0 and 2F 0 with a given time scale T ; see Fig. 6 . For this dichotomous noise, F drv (t) = F 0 , and
with T = 1/ν the mean residence time in each one of the two states. Regarding the spatial dependence,
As in the sinusoidal case, we use F 0 = 0.3.
Translocation time
The mean TT of the polymer as a function of ν is shown in Fig. 7 (N = 24 and k b = 0.5). We see that τ changes smoothly from the low frequency value to the high frequency ones (note that τ H F L is the same as that one in the sinusoidal case), showing a wide minimum for an intermediate frequency (more clearly visible in Fig. 9) .
Although important differences with respect to the sinusoidal case appear in the intermediate frequency region, the presence of this minimum is well visible and appears as the synchronization of two defined time scales, the mean TT of the polymer and the RTN mean waiting time scale, so giving a typical RA behavior. Figure 7 also shows the translocation probability of the polymer and the mean translocation velocity. We see that the v curve shows a saturating maximum at the low frequency not corresponding to the value of the minimum τ , so revealing the difference between computing 1/τ = 1/ t i , and v ∝ 1/t i , with t i the TT for every translocation event [22] . As expected, and similarly to the previous case, the translocation probability shows that for low frequencies a fraction of the trials are not able to translocate. That is because the two values of the applied force are 0 and 0.6, and no translocation occurs for the zero value of a constant force, while all the trajectories translocate at the 0.6 constant value. Thus, being the initial force randomly selected, P in approaches 0.5 at low frequency. A study of the response of the system under constant force will be presented in the Summary and Conclusions section.
It is interesting to visualize the probability distribution function of the TTs (see Fig. 8 ) for three values of the frequency of the driving ν. We can observe the three regimes: ν = 10 1 stands for the high frequency regime, where the TTs distribution is almost Gaussian, only slightly asymmetric. By decreasing the frequency, the distribution is more asymmetric and slightly moved toward smaller time values. The last panel corresponds to ν = 10 −2.5 , a value in the low frequency region, where P in 0.5. In this case the probability distribution is very wide and asymmetric. It is easy to understand this behavior: Typically, trials starting in the off state (minimum values of the driving force) will either move back into the cis region or translocate after some long time, while trials starting in the on state will more easily translocate, thus resulting in a low τ . The global effect is a large value of τ for such a low frequency since it involves events with very high values of TTs.
Scaling with N
As we anticipated, the polymer size dependence mean TT scales with the same exponent α = 1.6 for the two driving forces studied in this paper. This feature points out that size scaling depends on polymer features and not on the pore actuation. Figure 9 shows that all the curves plotted, having different polymer lengths, scale reasonably well for a large range of frequencies, with a RA minimum clearly visible for all the polymer lengths. Regarding the translocation probability, the increase of P in to 1 when increasing ν looks similar to that of the sinusoidal case.
The scaling appears confirmed, though not perfectly, for a wide range of high and intermediate frequencies. The absence of overlap at low frequency is due to the complex phenomenology in these simulations. In fact, at very low frequencies and large chains, the mean TT is affected by the presence of rare events with very high TTs. These events are difficult to capture in calculations. Moreover, some of the trajectories in these cases remain trapped up to the maximum simulation time we fixed in our simulations. The contribution of these rare events could change the TT in a nonobvious way.
As commented above, the TT, and so the scaling behavior, can, in general, be affected by specific situations as some choice of the parameters, the initial configuration, and finite size effects of the polymer [8, 46] .
The role of the bending parameter
The presence of the minimum, as well as the low frequency saturation properties of τ under this driving, is strongly affected by the bending parameter k b . Figure 10 shows the values of τ normalized by the high frequency limit τ H F L . Important qualitative differences at different k b values are observed. For high k b (k b 0.5 in our simulations), τ is large at small frequencies, decreases when ν increases, reaches a minimum, and increases towards a constant high frequency value. At small k b , however (k b 0.2 in our simulations), τ is small at low ν and increases towards τ H F L when increasing the frequency. The minimum in the intermediate frequency region remains always present. These differences are consequences of the elasticity of the chain. For low k b values, the chain is very soft (L p is small), and the monomers can distribute closer to the entrance than in the stiff cases. Thus, the average distance from the trans side is lower for small k b , and τ can decrease. On the contrary, for large k b (larger L p ), the polymer chain is more rigid and the distance from the entrance of the pore is higher than for small values, resulting in a larger TT mean.
The low τ value observed for small k b and small frequencies agrees with the results of Ikonen et al. [21] : For low k b we recover the results of the FJC model. At high k b , however, τ is large at small frequencies, as found for the 1D case [22] .
Note also that the overall behavior of TT in Fig. 10 is similar to that in Fig. 9 . This opens the possibility to make a correspondence between the length of the chain and the bending parameter by defining an effective length L eff = L/L p , which can be used as a scaled parameter in the translocation of a generic semiflexible polymer.
IV. SUMMARY AND CONCLUSIONS
The study here presented concerns the translocation of a polymer chain through a repulsive, uniform pore membrane in a thermal fluctuating environment and under two different time dependent forces: the deterministic sinusoidal and the stochastic RTN. The two driving forces exhibit peculiar behaviors. The study is mainly devoted to the role of the rigidity parameter of a chain with excluded volume contributions, as well as the dependence of the mean TT on the polymer length. We notice a scaling behavior of the TTs with the polymer length according to a power law of the type L α , with α independent of both: the two different drivers used and their frequencies.
Some discrepancies are instead evident when considering different bending parameters of the chain. With the sinusoidal force, the qualitative behavior of the mean TT with the frequency is the same for all the k b values. Conversely, the RTN driving (of the same average and force variation as the sinusoidal) gives a different response at low frequencies and low bending values, reducing in those cases the TTs.
In order to better understand the different frequency limits, we have also performed a simulation for a polymer driven by a constant force F c . The results of the calculated mean TT and P in are shown in Fig. 11 . As expected for low F c only a small fraction of the events translocate: The mean total force experienced by the polymer comes from the interaction with the membrane and pore and prevents the polymer translocation. This effect is more important for low bending, where a stronger constant driving F c is needed in order to get high translocation probability values. In our model, the high frequency limit basically corresponds to the result obtained for F c = 0.3. Regarding the low frequency limit, for the sinusoidal case the average over different initial conditions results in an averaging over the results where the force F c changes between 0.0 and 0.6, weighted with the proper probability translocation for each case. The RTN case averages over results with F c = 0.0 and F c = 0.6. To finish, we want to mention that, for the sinusoidal case, the minimum TT observed in Fig. 2 corresponds to τ 150, a value very close to that obtained for constant F c = 0.6, showing an excellent efficiency of the driving force at that frequency value.
The analysis of the translocation probability of the polymer has been performed to help the understanding of the translocation dynamics. At low frequencies the dynamics is dominated by P in smaller than 1. However, at high frequency almost all the simulated chains translocate. The values of the translocation probability are smaller for low frequencies (approaching 0.8 in the sinusoidal case and 0.5 in the RTN one) and the transition to P in = 1 occurs in a relatively narrow frequency interval.
The study of the translocation represents an interesting subject not only for the basic understanding of the translocation aspects of the long molecules, but also as a starting point in the construction and/or emulation of nanotechnological objects. In this regard, the present work can be further developed in two directions: On the one hand by the usage of more realistic pores than a rigid and uniform channel; On the other hand by enlarging the driving to other forms, as the molecular motor able to use the ATP molecules for its functioning that has been successfully modeled in previous studies [23, 24] .
